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T h e ne w e ngl a nd jou r na l o f m e dicine closely with pathological findings. 6, 7 As data have emerged that indicate that targeting only visible mediastinal tumor results in few isolated recurrences in lymph nodes that were not intentionally targeted, [8] [9] [10] FDG-PET has had an increasingly important role in defining the extent of mediastinal disease and reducing the radiation volume in patients with lung cancer. Similarly, FDG-PET has contributed to delineation of the radiation target volume for a range of other tumor types, such as cervical cancer, lymphoma, and head and neck cancers.
For several cancers, such as central nervous system tumors, head and neck cancers, sarcomas, and cervical cancers, MRI, as compared with CT, provides enhanced visualization of the tumor and surrounding organs that are at risk for injury. MRI is susceptible to geometric distortion and artifacts, so consideration of these limitations and careful quality assurance procedures are key to its use for treatment planning. 11 As these advanced imaging techniques have improved the visualization of tumors, there is growing interest in highly conformal and focal radiotherapy, in which the radiation dose drops off rapidly outside the target.
Treatment Planning and Delivery
The ability to more accurately define tumor targets has provided a strong rationale for devising radiation treatments that closely conform to the tumor, spurring refinements in radiation treatment planning, daily localization, and treatment delivery. Traditional radiation treatments deliver a consistent intensity of radiation across the treatment field. The development of dynamic multileaf collimators -small movable metal leaves that shape the radiation field and alter the intensity of radiation delivered to portions of the field and that are used in combination with confor- An FDG-PET study with CT imaging reveals a mass in the hilar region (Panels A and B), which was confirmed to contain non-small-cell lung carcinoma. Post-obstructive atelectasis is evident beyond the mass. Interpretation of the appropriate radiation target is substantially altered when target delineation is based on the CT image alone (Panel C, dashed white line) as compared with target delineation based on the FDG-PET portion of the study (Panel D, dashed white line), given that areas of atelectasis can be difficult to distinguish from tumor.
mal radiotherapy -has exponentially increased the potential complexity of treatment plans. Defining how to alter the intensity of the beam to make the treatment most conformal requires advanced computation. This includes inverse treatment planning, in which dose goals and the relative importance of each goal are defined by the prescribing physician, and the treatmentplanning system iteratively becomes better until an acceptable plan is generated. The delivery of modulated radiation beams, a technique known as intensity-modulated radiation therapy (IMRT), has resulted in the capacity to shape the highdose region to match complex target volumes while maximally sparing surrounding normal tissues in a way that would not be possible with conventional radiation treatment methods. Additional refinements, such as volumetric-modulated arc therapy (VMAT), in which modulated treatments are delivered as the radiation treatment machine rotates in an arc around the patient, have both improved conformality (the ability to sculpt, or conform, the dose closely to the target) and reduced treatment times (Fig. 2) .
Traditionally, patients were aligned for daily radiation treatment with the use of external skin marks and tattoos, and positioning was verified on the basis of weekly radiographs that correlated bony anatomy to treatment-planning images. The adoption of more conformal approaches has necessitated enhanced confidence in tumor location. Today, many linear accelerators are capable of performing CT imaging or high-quality digital radiography to ensure that the tumor is in the expected location. The use of frequent pretreatment imaging that references the original radiation plan, known as image-guided radiation therapy (IGRT), has increased certainty regarding tumor location for daily treatments. In some cases, small markers visible on radiographs, known as fiducial markers, can be implanted within or near the tumor for imaging before or during the treatment to ensure accurate localization.
Although patients can be immobilized reproducibly for daily treatment, tumors are often situated in organs that move with normal bodily functions: breathing, peristalsis, swallowing, filling, and emptying. A variety of approaches have been used to account for tumor motion. For example, patients can be asked to hold their breath during inhalation or exhalation for the planning The pelvic lymph nodes (green) are the radiation target in this comparison of three-dimensional conformal treatment planning (Panel A) and VMAT planning (Panel B) in the same patient. The radiation dose to be delivered is indicated by lines that encompass that dose, known as isodose lines. The region receiving the prescribed dose is encompassed by the red line (100% dose line). In the VMAT plan, the prescribed dose tightly conforms to the intended target, and the dose to the rectum, bladder, and nontarget tissues of the pelvis is minimized. The arrows in Panel A represent the direction of the treatment beams. In the VMAT plan, treatment is delivered continuously as the machine completes an arc around the patient, indicated by the circle in Panel B. scan and treatment. A recent advance is fourdimensional CT, which can be used to acquire treatment-planning images at multiple phases of the ventilatory cycle. This method provides an understanding of tumor motion during the ventilatory cycle, allowing the margin of normal tissue to be expanded in each direction only as much as needed to encompass the tumor during ventilation. Alternatively, treatment delivery can be restricted to phases of the ventilatory cycle in which the tumor falls within a prespecified location, a technique known as respiratory gating. Collectively, these methods serve to increase certainty about tumor location while minimizing unnecessary radiation to surrounding normal tissues. Traditionally, radiation treatments have been fractionated, or broken into multiple doses, to leverage differences in radiation response between tumor and normal tissue, such as reoxygenation of tumor, repair, redistribution of tumor cells into sensitive phases of the cell cycle, and repopulation between doses. 12 Fractionation of the total radiation dose can yield cures while reducing toxicity, as compared with single doses that are associated with similar tumor-control rates. In recent years, there has been substantial interest in regimens involving a relatively large dose per fraction and highly conformal techniques. With these regimens, ablative doses are delivered over a period of 1 to 2 weeks, in contrast to the previous standard of using protracted fractionation, with daily treatments lasting for many weeks. These highly conformal techniques, known as stereotactic body radiation therapy (SBRT) (also called stereotactic ablative radiotherapy [SABR]), have been used for both curative and palliative treatment and have demonstrated efficacy in randomized trials for some tumors. 13, 14 The biologic rationale for SBRT is complex but presumes that the observed antitumor effect is a consequence not only of direct tumor-cell killing but also of indirect killing through mechanisms such as vascular collapse and immune effects. 15 Since the doses delivered with SBRT are ablative, the therapeutic advantage of this technique can be realized only when the treatments are highly conformal to allow maximum exclusion of normal tissues. Thus, SBRT requires careful and reproducible immobilization of the patient, with organ motion accounted for and minimized and with a clear understanding of the extent of the tumor. SBRT is not appropriate if there is uncertainty about the extent of the tumor or if large volumes of normal tissue would require treatment to address the possibility of microscopic disease.
Stereotactic radiation treatment with the use of single doses or only a few fractions has been used for some central nervous system tumors for many years; however, expanding the treatment to extracranial tumors has been a more recent development. Emerging evidence suggests that SBRT can provide exceptional local control for a variety of tumor types and locations. Because patients are carefully immobilized and targeting is so precise, the treatment can be delivered with inclusion of only the smallest margin of surrounding normal tissue. Since the approach uses multiple-beam techniques or arc therapy (IMRT or VMAT), the dose drops off rapidly outside the target, minimizing the exposure of normal surrounding tissues to radiation doses exceeding their tolerance. Although SBRT approaches have been incorporated into clinical practice, they are not appropriate for all clinical scenarios, and the long-term toxicity and efficacy of these approaches are still being determined for many tumors and locations. The size of the lesion requiring treatment and its proximity to critical normal tissues with high sensitivity to radiation must be carefully considered.
Another method of delivering highly conformal therapy is the use of protons and heavy ions, which differ from the more commonly used electrons and photons in terms of how they interact with tissue and deposit the radiation dose, generally resulting in a reduced dose beyond the target (Fig. S1 in the Supplementary Appendix). Heavy ions, such as carbon ions, have shown promise in early clinical trials. Because of its tremendous cost, however, this technology is currently available at only a few centers around the world. In contrast, proton therapy is currently available at several centers in the United States. The benefit of proton therapy for many tumor sites, such as the prostate, remains unproved, given the paucity of evidence of greater tumor control or less toxicity with proton therapy than with other approaches. 16 Many in the oncologic community are eagerly awaiting data from ran- domized trials comparing current radiotherapeutic techniques with proton therapy. The use of protons is an accepted alternative with potential advantages over photon therapy for selected tumors of the central nervous system and for selected tumors in children. 17, 18 Brachytherapy, the implantation of radioactive sources in a body cavity or tumor, is perhaps the most conformal type of radiation treatment. This approach often allows delivery of higher doses than those delivered with the use of EBRT, since the radiation generally does not reach uninvolved normal tissue. For some tumors, the benefit of the dose escalation afforded by brachytherapy may be superior to that of EBRT alone. 19 The integration of CT and MRI into treatment planning and post-brachytherapy implant assessment, which is now standard practice for some tumor sites, allows more precise delineation of tumor and a better understanding of the exposure of tumor and normal tissue to radiation. 20, 21 Real-time planning, in which the dose is calculated during the implantation procedure, provides increased flexibility to deliver the radiation dose where desired, with minimal exposure of normal tissues. Today, brachytherapy plays a major role in the treatment of several cancers, including prostate and gynecologic cancers.
Using Combination Ther a py t o R educe the Intensit y of R a dio ther a py
For some cancers, such as early-stage Hodgkin's disease, radiotherapy has long been successful in contributing to disease control, although concerns about late side effects, including second cancers, have prompted efforts to reduce the intensity of radiotherapy. With the introduction of effective, less toxic systemic therapy, radiotherapy treatment volumes have consistently been reduced from classic "extended fields," which included uninvolved nodal regions, to much smaller regions of nodal involvement 22, 23 and to even smaller involved sites 24 (Fig. 3) . Similarly, the doses delivered have been decreased over time, potentially further reducing the risk of late radiation toxicity. Reduced-intensity or reduced-volume radiotherapy has also been used in other clinical scenarios, such as partial breast irradiation in selected patients. Because the longterm effects of treatment may take years to become manifest, the magnitude of any benefit with respect to late toxicity from these modified treatment regimens has yet to be fully defined. Similarly, the side effects of surgery and chemotherapy must be taken into account to ensure that the composite therapy yields an overall benefit in terms of both disease control and reduced toxicity. 25, 26 Enh a ncing the R esponse t o R a dio ther a py
Radiation from external or implanted sources interacts with tissues in a way that drugs simply cannot because it is not bound by bioavailability, Radiation treatment for early-stage Hodgkin's lymphoma has evolved over decades from subtotal nodal irradiation (Panel A) to involved-site irradiation (Panel B). In addition to the smaller radiation volume used when radiation is given with chemotherapy (Panel B), a lower radiation dose is also delivered. Techniques such as respiratory gating and intensity-modulated radiation therapy can also be used to reduce the risk of radiation toxicity. In both panels, nodal involvement at diagnosis is shown in red, and the region treated with radiation is shown in gray.
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The permeability of blood vessels, excretion, or metabolism. The ability to deliver a consistent dose of radiation from an external or implanted source is constrained primarily by the laws of physics. Nevertheless, some tumor types or even regions within tumors may have reduced sensitivity to the tumoricidal effects of radiation, through mechanisms such as hypoxia and accelerated repopulation of tumor cells during treatment, potentially resulting in a reservoir of resistant tumor capable of surviving radiotherapy. Targeting tumor resistance to radiotherapy has long been a goal in the field of radiation oncology. Methods of enhancing antitumor effects have included accelerated fractionation and hyperfractionation of the radiation dose, so that the killing effects on tumor exceed those on normal tissues. Both approaches generally involve a shorter period of treatment in order to prevent accelerated tumor-cell regrowth, which can occur with more prolonged treatment. These methods have been found in some cases to improve local control and survival.
An alternative method of increasing the efficacy of radiotherapy involves delivery of agents that may enhance the treatment response. In the 1990s and early 2000s, a wealth of data from randomized trials suggested that concurrent use of systemic chemotherapy and radiotherapy can increase local control and, in some situations, survival. Combined chemotherapy and radiotherapy have also provided an opportunity to preserve organs that otherwise would have been surgically removed, such as the larynx and bladder. The benefits of combining these treatments have not been without cost. In some cases, the addition of chemotherapy has increased the risk or severity of treatment side effects, such as dermatitis, diarrhea, and hematologic toxicity. Nevertheless, the consistently enhanced efficacy of treatment with this combined approach in randomized trials has led to the use of concurrent chemoradiation as a cornerstone of care for diverse cancers, such as locally advanced gynecologic cancers and head and neck, gastrointestinal, brain, and thoracic cancers.
Despite the improvements in disease control afforded by technical advances in radiotherapy and the addition of chemotherapy, the search continues for agents that can provide similar or greater radiation-induced tumor-cell killing with reduced toxicity. Radiation not only damages the DNA of cancer cells but also initiates an array of prosurvival, inflammatory, and mitogenic signaltransduction pathways. As a growing number of inhibitors of signal transduction and DNA repair have been developed, a tremendous opportunity has emerged for selectively sensitizing tumors to irradiation through targeting of these pathways. The goal of these endeavors is to develop agents that can be used to enhance the efficacy of radiation delivered to the tumor while minimizing additional toxicity. Several ongoing clinical trials, ranging from phase 1 to phase 3, are investigating radiation sensitizers serving as an alternative or addition to radiosensitizing chemotherapy for the treatment of various tumors and tumor sites.
More recently, the impressive successes of immunotherapy in the treatment of metastatic cancer have led to tremendous excitement at the prospect of combining immunotherapy and radiotherapy. Preclinical studies have suggested that localized irradiation has immunomodulatory effects that may enhance tumor recognition. Compelling evidence of the efficacy of radiotherapy as a complement to immunotherapy has been observed with vaccines. 27, 28 More recently, it was observed that delivery of radiation in combination with antibodies against cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) resulted in regression of unirradiated tumors (known as an abscopal response), providing proof of concept that this approach can be successfully translated into use in patients. 29, 30 The underlying mechanisms by which radiotherapy enhances immune recognition and may complement immunotherapy are complex and the subject of intensive study (Fig. 4) . Radiationinduced injury and killing of tumor cells result in immunogenic modulation and immunogenic cell death. In immunogenic modulation, cellsurface molecules are altered and soluble factors are elaborated in a fashion that enhances tumor antigen presentation to T cells. [31] [32] [33] Immunogenic cell death is characterized by localization of calreticulin and other endoplasmic reticulum proteins at the cell surface. 34, 35 Simultaneously, the release of tumor-cell DNA, ATP, and highmobility group box 1 (HMGB1), a chromatin- sentation. 36, 37 Although radiation has the capacity to enhance the immunogenicity of tumors, the observed effects are not capable of stimulating a coordinated and effective immune response by themselves, since abscopal tumor responses to localized palliative radiotherapy as a single treatment approach are rarely observed.
A number of immunosuppressive effects of localized irradiation have been described that may counteract the immunogenic effects, especially when conventionally fractionated radiation or larger treatment volumes that can result in lymphopenia are used. 38, 39 Radiation can alter the balance of regulatory T cells and local immunomodulatory cytokines, such as transforming growth factor β (TGF-β). 40 These changes may suppress antitumor immunity. In addition, radiation may alter the number and phenotype of infiltrating macrophages, which may also serve as an immunosuppressive factor. 41, 42 Thus, radiation alone may not be capable of stimulating a coordinated and effective immune response. A number of variables must be considered for effective clinical use of combined radiotherapy and immunotherapy, 43 including the total radiation dose, 31, 44 dose fractionation, [44] [45] [46] sequencing of immunotherapy, types and combinations of immunotherapeutic agents, and underlying tumor and host factors. These variables are being studied in preclinical models, but their applicability to human tumors is unclear. The optimal dose fractionation may require a balance between initiating immunogenic cell death and minimizing the immunosuppressive effects of hypoxia and vascular collapse seen with higher doses. 42 Alternative forms of radiation delivery, such as the administration of radiopharmaceutical agents, which have shown tremendous promise in the treatment of metastatic prostate cancer, 47 are also being explored in this context. More than 100 registered clinical trials are attempting to realize synergy between radiation and immunotherapy (as indicated by a search for the two terms on the ClinicalTrials.gov website).
Under s ta nding a nd Tr e ating R a di ation T ox icit y
As with any cancer therapy, radiation treatments can have short-term and long-term side effects that limit treatment tolerability and affect the quality of life. A growing appreciation of the importance of patient-reported outcomes in assessing the toxicity of cancer therapy 48 has led to the development of the Patient-Reported Outcomes Version of the Common Terminology Criteria for Adverse Events. 49, 50 The rates of moderate and severe toxicity from radiotherapy have consistently decreased over the past several decades as a direct consequence of refinements in imaging, treatment planning, and treatment delivery. For many common cancers, such as breast and prostate cancers, severe late toxicity attributable to radiotherapy occurs infrequently. [51] [52] [53] [54] [55] The site of treatment and type of tumor often drive this risk of injury, with higher rates of toxicity observed when curative doses may approach the tolerance of surrounding normal tissues.
The radiobiologic understanding of normal tissue injury, especially the molecular events leading to injury, has evolved in a fashion analogous to the technological advancements in treatment delivery. Pathways implicated in radiation injury present fresh opportunities for prevention, mitigation, and treatment. An example of such an identified pathway is senescence in normal-tissue stem cells, with accelerated aging as a consequence of cancer treatment. Cellular senescence, which is a normal consequence of aging, can result from DNA damage, oxidative stress, and chronic inflammation. Senescent stem cells are unable to replenish themselves and injured cells; they may also contribute to disease through the secretion of proinflammatory factors, a phenomenon known as the senescence-associated secretory phenotype (Fig. 5) . 56, 57 Laboratory studies have confirmed the importance of senescence as a cause of radiation toxicity in bone marrow and lung 58, 59 and of toxicity from DNAdamaging chemotherapy. 59 Additional work has suggested that the factors elaborated by senescent cells may contribute to tumor progression. 60, 61 These findings are of particular interest because of the observed toxic effects and frailty that are consistent with accelerated aging in bone marrow transplant recipients and patients who have received cancer therapy. 62, 63 Preventing or clearing senescent cells has recently been shown to reduce the toxicity of radiation and to mitigate aging-related illnesses in animal models. 59, [64] [65] [66] These studies provide great hope that the short-and long-term toxic effects of radiotherapy and cancer therapy can be effectively mitigated.
A variety of immunomodulatory, profibrotic, and proinflammatory cytokines are also known to be involved in the initiation and perpetuation of radiation injury -most notably, TGF-β. 67, 68 Targeting these molecules and pathways to mitigate radiation toxicity is an area of active study. There is renewed interest in developing agents that can simultaneously sensitize tumors to radiation and reduce the likelihood of longterm radiation injury. Given that several of the pathways involved in these processes overlap, it is highly likely that therapeutic agents will continue to be evaluated in this context.
Conclusions
A rapid evolution of technology has progressively increased the safely deliverable radiation dose, minimized exposure of uninvolved normal tissue, increased the accuracy of tumor delineation, and substantially reduced the expected toxicity of treatment. As a consequence, the toxicity of radiotherapy has consistently decreased, and escalated radiation doses have, in many cases, led to improvements in disease control. Efforts to increase the efficacy of therapy and minimize the risk of injury from radiation treatment continue to evolve.
No potential conflict of interest relevant to this article was reported.
Disclosure forms provided by the author are available with the full text of this article at NEJM.org.
I thank Kevin Camphausen, Lindsay Rowe, Holly Ning, and Mary Hawes for assistance with the preparation of an earlier version of the manuscript.
The New England Journal of Medicine Downloaded from nejm.org by LUIS ERNESTO GONZALEZ SANCHEZ on October 5, 2017. For personal use only. No other uses without permission.
Copyright © 2017 Massachusetts Medical Society. All rights reserved.
